A component of particulate matter (PM) air pollution that may provide one biologically plausible pathway for the observed PM air pollution-health effect associations is aerosol acidity (H+). An increasing number of observational studies have demonstrated associations between H' and increased adverse health effect in the United States and abroad. Although studies have shown significant H+ associations with increased morbidity in the United States, similar associations have yet to be shown with daily mortality. We considered a 2.5-year record of daily H+ and sulfate measurements (May 1988-October 1990 collected in the Buffalo, New York, region in a time-series analysis of respiratory, circulatory, and totl daily mortality and hospital admissions. Other copollutants considered induded particulate matter . 10 pm in aerodynamic diameter, coefficient of haze, ozone, carbon monoxide, sulfur dioxide, and nitrogen dioxide. Various mding techniques were applied to control for confounding of efect estimates due to seaownality, weather, and day-ofweek effects. We found multiple significant pollutant-health effect associations-most strongly between SO-and respiratory hospital admissions (as indicated by its t-statistic). Additionally, H+ and SOQ42 demonstrated the most coherent associations with both respiratory hospital admissions [H+: relative risk (RR) = 1.31; 95% confidence intervl (CI), 1.14-1.51; and S042: RR = 1.18, CI, 1.09-1.28] and respiratory mortlity (H+: RR = 1.55, CI, 1.09-2.20; and SO42: RR 1.24, CI, 1.01-1.52). Thus, acidic sulfate aerosols represent a component of PM air pollution that may contribute to the previously noted adverse efcts of PM mass on human health, and the associations demonstrated in this study support the need for futher investigations into the potential health effects of acidic aerosols.
btepy//ehpnetl.niehs.nih.gov/docsI2000/108p1 25-133guwynn/abstract.hntml In recent years, there has been growing concern about the adverse effects of particulate matter (PM) air pollution on human health. These concerns originally stemmed from historical air pollution episodes that were associated with increases in the indices of severe health outcomes, such as mortality and hospital admissions. The London smog episode of 1952 (1) , probably the best documented of such incidents, resulted in a peak respiratory hospital admissions rate of 460/day, versus approximately 175/day just before the fog occurred. At the time, it was suspected that elevated levels of sulfuric acid from coal combustion played a role in these excess deaths (1) . This and other historical air pollution episodes offer convincing evidence of the potential for adverse impacts on human health from extreme environmental exposures. However, the confirmation and quantification of air pollution health effects at more routine and much lower level exposures is not as straightforward.
Whereas various pollution measures, including PM mass [i.e., total suspended particulates, particulate matter < 10 pm in aerodynamic diameter (PM O), and/or particulate matter < 2.5 pm in aerodynamic diameter (PM2 5)], black smoke, sulfur dioxide, and ozone, are significantly correlated with increased morbidity and mortality, it is PMIO and PM2 5 that have recently been the focus of the greatest interest (2-4). The Clean Air Act (5) currently regulates PM1O as a criteria pollutant and has established National Ambient Air Quality Standards (NAAQS) for a 24-hr (150 pg/m3) and an annual (50 pg/m3) averaging period (5) . In 1997, the U.S. Environmental Protection Agency (EPA) issued revised NAAQS (5) , in which a new fine particle standard (PM2.5) was added. Despite these standards, there is still concern that specific unregulated PM components may cause adverse health effects.
Some have argued that future research efforts should focus specifically on those chemical components of PM that are most responsible for the noted effects (6) . In addition, the identification of harmful chemical components would help provide further biologic plausibility evidence supportive of the causality of the observed PM/health effect associations. This in turn would help direct PM control measures at those sources of greatest health consequence.
Among the PM components that may elicit harmful toxicologic responses are sulfates and strong aerosol acidity (H+) (7) (8) (9) . Sulfate concentration has traditionally been interpreted as an indicator of the acidic content of the PM. However, the S042-ion represents the sum of various forms of sulfate:
H2S04, (NH4)HS04, and (NH4)2S04, which range from strongly to weakly acidic, respectively. The distribution of each component within the total sulfate content is highly variable, as is the overall level of acidity. A more direct measurement of acid aerosol exposure is the strong H' concentration of a PM sample, but this is more difficult to measure accurately at low ambient levels, and has not been widely measured to date, thus limiting analyses that directly assess the potential health effects of strongly acidic aerosols.
The biologic plausibility of the acid aerosol component as a causal agent in the PM/adverse health effect associations is supported by a growing body of evidence from both animal toxicity and controlled human exposure studies. Short-term sulfuric acid exposures between 0.1 and 1.0 mg/m3 have produced lung clearance function and pulmonary mechanical effects in normal and asthmatic human subjects (10, 11) . Animal studies have also shown adverse effects from exposure to acid aerosols such as clearance abnormalities (12) , airway hyperresponsiveness and secretory cell hyperplasia (13) , and changes in pulmonary function (14) . However, the potential for neutralization of acidic aerosols by endogenous respiratory tract ammonia plays a complex and uncertain role in the toxicity of acidic aerosols (15, 16) . Thus, although an exact mechanism of acidic aerosol toxicity is not yet clear, controlled exposure studies generally offer support to acid-aerosol associations with health effects.
Observational epidemiologic evidence of increased health effects due to acid aerosol exposures has also begun to accumulate. Some studies in London, England, indicate stronger associations between aerosol acidity and increases in mortality and morbidity than other PM measures (17, 18) . In North America, summertime levels of H+ and so42-, in combination with 03, have been significantly associated with acute increases in respiratory hospital admissions (4, 19, 20) . Additionally, H+ was more consistently associated with asthma symptoms than other environmental factors considered in a study of asthmatics in Denver, Colorado (21) . More (1988) (1989) (1990) . These data were classified according to the ICD-9 codes listed for the hospital admissions category. (27) . Daily weather data were collected at the Buffalo International Airport. (28) .
Despite the usefulness of the log-linear model in handling count data, there are still some concerns about its appropriateness for time-series analyses, such as in this work. One concern is that the variance may exceed the mean, leading to overdispersion (28) . This may be due to the influence of some unmeasured factor on the health outcome variable. If left unaddressed, overdispersion can lead to the underestimation of coefficient standard errors. The degree of dispersion relative to the Poisson model can be estimated by the overdispersion parameter:
where n is the number of observations and p is the number of parameters in the model. When We applied several alternative approaches to control for seasonal cycles in the data. These included multiday weighted moving average filters (WMAF) (32) , inclusion of sine/cosine waves (33) , and loess and spline smoothers (34) . Periodograms of each of the health effect outcomes indicated that strong long-wave variations on the order of 1 month were present in the data series. Scatterplots and periodograms of the residuals from the models using each of the longwave control approaches for a 1-month cycle were examined for any remaining systematic variations. Additionally, the AIC and dispersion parameters from each model were computed and intercompared to determine the model that best fit the data while retaining the assumptions of the Poisson model. Figure 2 provides examples of the seasonal fits for the total mortality outcome for each alternative method. Based on this evaluation of the model diagnostics, a 31-day WMAF similar in design to the 19-day filter used by Shumway (32) Several possible weather specification models were then selected for further investigation, including linear temperature terms, quadratic functions of deviations from a central focal (minimum effect) temperature (chosen based on examination of plots), loess fitted functions of the health effect outcome on temperature, and loess fitted functions of the health effect outcome on both temperature and relative humidity simultaneously. Based on visual inspection of the loess plots of temperature versus each health effect at various lags, the same-day and 2-day lags of each temperature specification were induded to account for the strongest hot and cold effects of weather on human health, respectively. We used generalized additive models, *P which further expand on the classic linear model (35) , to allow for the inclusion of these nonparametric functions in the regression models.
Once the optimal basic model was selected, the 0-3 day lagged concentrations humidity.
for each pollutant were added individually into the basic regression model to evaluate any remaining associations between air pollution and the various morbidity and mortality outcomes considered in this analysis. Figure 4 Table 4 . Overall, models that used the loess fits of temperature-relative humidity achieved better fits and produced lower intercorrelations between the P of the weather and pollutant terms. Based on these exploratory results, we chose a loess surface of temperature and relative humidity to control for weather in all analyses.
We computed RRs for each pollutant's most significant lag (as indicated by the t-statistic) using the maximum minus mean increment as well as the interquartile range. Single pollutant RRs, based on the maximum minus mean increment, are shown in Figure   5 for the hospital admissions and mortality categories. Tables 5-7 give the pollutant coefficient, standard error, 't-statistic, and RR for each health effect outcome. Simultaneous pollutant RRs (based on the maximum minus mean increment) for each of the PM indices are presented in Figure 6A -C.
Respiratory mortality and hospital admissions. All pollutants considered, except CO, CoH, and NO2, yielded significant associations with respiratory hospital admissions, whereas only H+ and SO42-were Wifflled PeM(gg/m3) Riled pM 1*9g/m3i 2.0 ---j i.s A more comprehensive strategy to assess the impacts of the various pollutants is to evaluate the coherence of the observed associations across similar health endpoints. As discussed by Hill (36) , the coherence of an observed association among similar health end points strengthens arguments of the causality of the association. Bates (37) also discussed the importance of coherence in epidemiologic investigations in his evaluation of the health indices used in the many air pollution investigations, and he stressed the need for internal coherence.
Several of the pollutants considered in these analyses demonstrated coherence across similar health-effects categories. H' and So42-demonstrated significant associations (20) . However, the association between acidic aerosols and respiratory hospitalization, as indicated in these analyses, has not been always been demonstrated in other analyses. Burnett et al. (38) reported that the association between aerosol acidity and respiratory hospital admissions in Toronto, Ontario, Canada, was nonsignificant once it was adjusted for gaseous pollutant exposures. One possible explanation for the lack of association in Toronto is the relatively low levels of H+ associations using present H+ measurements and time-series methods. In addition to the coherence observed across complementary health end points, the relative magnitudes of the risk estimates observed across the different health end points are also biologically plausible: the respiratory outcome risk estimates are generally greater in magnitude than those of the total outcomes. These results indicate that air pollution has a greater impact on the respiratory system, which is the initial target site. The risk estimates for the total categories are diluted by the inclusion of health outcomes not likely to be directly affected by air pollution levels, thereby resulting in lower risk estimates, as expected based on biologic grounds.
Unlike other criteria pollutants regulated by the EPA, PM is not a single pollutant, but rather a class of pollutants. As regulatory policy moves toward regulating fractions of PM1O, such as PM2.5, it may be more prudent to identify one or more of the most harmful components of PM, then focus control efforts on the specific sources that are responsible for their production. These results indicate that acidic aerosols, as represented by So42-and H', may significantly contribute to the observed PM health effects.
Although the exact mechanism behind these H+/health effect associations is not yet known, several have been suggested. Seaton et al. (10) proposed the hypothesis that acidic ultrafine aerosols provoke alveolar inflammation, causing the release of mediators that might induce attacks of acute respiratory illness in susceptible individuals. Winchester (4Q) suggested that sulfuric acid coatings on particles lead to the solubilization of aluminum, iron, and other metals, resulting in lung injury when inhaled. The toxicologic findings of Dreher et al. (41) provide some support for this mechanism. They instilled rats with a leachate of residual oil fly ash (ROFA) containing primarily iron, nickel, vanadium, calcium, magnesium, and acidic sulfate, which produced similar lung injury as that of the original ROFA suspension, suggesting that the acidic metal solution is the casual component.
Other mechanisms have also been proposed from animal studies that demonstrated adverse effects from acidic aerosol. A suggested mechanism for observed changes in airway responsiveness is the interference with the normal contractile/dilatory homeostatic process through the modulation of airway receptors (42) . Clearance abnormalities may result from changes in viscosity in acidic mucous versus alkaline mucous (43) . Changes in lung function and airway hyperresponsivity observed in guinea pigs (44, 45) 
